In this work, we demonstrate a microwave magnetic field imaging technique based on Rabi resonance with a cesium atom vapor cell. Rabi resonance signals are generated when atoms interact with a phasemodulated microwave (MW) field and are detected by a photodiode and camera. A low noise, high quantum efficiency camera is used to capture a series of frames for different phase modulation frequencies. Rabi frequencies of each spatial point in the field can be measured by scanning the frames. In our earlier work, we developed a Rabi resonance-based MW magnetic field detection system and demonstrated its broadband sensing capability. [15] [16] However, Rabi resonance
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Thus, the strength of the MW magnetic field distribution is obtained by combing the Rabi frequencies, measured with camera pixels in the range of the probe laser beam. The simple architecture of this imaging setup holds great potential for the construction of compact/miniature MW field sensors for material testing, field imaging of MW components, and biomedical imaging.
Several quantum sensing techniques that use microwave (MW) fields have been demonstrated, such as MW electrometry based on Rydberg atoms; [1] [2] [3] [4] [5] MW magnetometry based on Rabi oscillation, with atomic vapor cell/cold atoms/diamond nitrogen-vacancy centers; [6] [7] [8] [9] [10] and MW magnetic field detection and standards with Rabi resonance signals, generated using a phase modulated MW signal. [11] [12] [13] [14] [15] [16] In these atom-based MW sensing techniques, MW field strength is associated with Rabi frequency, which directly link parameter of MW field via atomic constants. Thus, the quantum sensing techniques of MW field detection have an advantage of high accuracy and are International System of Units (SI) -traceable compared with conventional MW detection techniques. [17] [18] [19] [20] In our earlier work, we developed a Rabi resonance-based MW magnetic field detection system and demonstrated its broadband sensing capability. [15] [16] However, Rabi resonance
Author to whom correspondence should be addressed. Here we present a simple MW magnetic field imaging technique based on Rabi resonance generated with an alkali atom-buffer gas vapor cell. Similar to our previous work, [15] [16] the MW magnetic field is detected using the Rabi resonance signal lineshape. The theoretical model of Rabi resonance is described by Camparo et al. [27] [28] [29] When atoms are resonant with a phasemodulated MW field, the atomic population in the excited state oscillates with an amplitude of , which is given as:
where and are the oscillation amplitudes for phase modulations and 2 , respectively. The two different oscillation amplitudes are termed and Rabi resonances.
According to the density matrix equations for atoms interacting with a phase-modulated MW field, and the small-signal approximation 29 , the Rabi resonance vanishes when fieldatom detuning Δ is zero, and Rabi resonance is given as:
where γ 1 and γ 2 are the longitudinal and transverse relaxation rates, respectively, Ω is the Rabi frequency of the MW field, and is the modulation index.
Since the phase-modulated MW field drives the atomic population of atoms, with an amplitude of Rabi resonance signal, the optical density variation of atom vapor Δ is proportional to the Rabi resonance signal Δ ∝ when detuning Δ is zero.
From Equation ( The antenna used in the experiment was a simple MW coplanar waveguide which could generate a gradient MW magnetic field in free space. The MW signal was generated by a commercial low noise MW synthesizer (Agilent E8257D), the frequency being set to To obtain the MW magnetic field distribution, a high quantum efficiency CMOS camera was used to capture the absorption imaging of the probe laser. The absorption of the laser was indicated by the variation in optical density of the atomic vapor, Δ = −ln ( / 0 ), where is the transmitted optical intensity on application of the MW signal, and 0 is the incident optical intensity without the MW field. In each measurement, several images of and 0
were captured continuously and averaged to mitigate the noise introduced by spatial intensity variation of the laser and various other experimental errors (e.g., cell temperature fluctuations and phase noise). Scanning the variance of images sequence with different phase modulation frequencies, the PM frequencies correspond to the maximal Δ for all the pixels could be obtained. In summary, we have demonstrated an imaging technique for a MW magnetic field based on Rabi resonance with a Cs-buffer gas vapor cell. By scanning the frames captured for various phase modulation frequencies with a camera, the Rabi resonance signal lineshape could be plotted for each pixel in the range of the probe laser. The strength of MW magnetic field distribution could be measured with extracting the phase modulation frequency corresponding to the maximum Rabi resonance signal value for all pixels. We were able to measure both the conventional Rabi resonance signal and the image of MW magnetic field. The experimental system consisted mainly of a frequency-locked DFB laser, a vapor cell filled with alkali atoms and buffer gas, a PD and a low noise CMOS camera. The image of the MW magnetic field captured using our technique agrees well with the simulation imaging result by the finiteelement method, and even improves upon the latter's imaging quality. The probe laser beam diameter was 8 mm in our system, which determined the imaging range and resolution. The beam size could be enlarged or narrowed depending on requirements. The measurements result detected with the PD and the camera in our experimental system show non-zero field strength when the input MW power is zero (Fig. 7) . This is probably a residual frequency shift due to modulation and atomic parameters and the non-linear effect in weak field sensing. A similar effect has been observed in MW electric/magnetic field measurements. [16] [17] [30] [31] In future work, a detailed characterization of optimal experimental parameters and the frequency shift effect of this MW magnetic field imaging technique should be investigated. Since MW magnetic field imaging have also performed with Rabi oscillation method 7, 10, 26 , it would be very interesting to compare the imaging technique based on Rabi resonance with that based on Rabi oscillation.
The simple architecture of our experimental setup holds great potential to develop a compact/miniature MW magnetic field system by combing a microfabricated vapor cell.
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